Low current arcs in the range 0.5 ~5 mA occur in power networks in situations such as on overhead line insulators and cable terminations. These arcs are important because of their potential contribution to surface ageing, asset failure and potential flashover. In this paper, the development of low current arcs is classified in three stages: a formative leakage current phase (~µA), a stage where discharges occur but are unstable with each half power cycle (<1 mA) and a period of stable discharges (>1 mA). Arc resistance is a key element in controlling arc behavior in each stage, and is modeled as the combination of a stable arc resistance, an oscillating resistance and a surface resistance. The resulting arc model has been developed in PSCAD/EMTDC, to simulate an arc/discharge in each development stage. Simulations compare well with experimental data. The simulation reveals that peak arc current plays a key role in the transition from an unstable to stable arc. Analysis shows a significant increase in discharge energy as a result of its stabilization. These models explain the conditions required for accelerated ageing of polymeric insulators and can be used to design and interpret testing regimes, and for polymeric insulator asset management.
INTRODUCTION
LOW amplitude surface currents and resulting discharges and arcs are a concern in polymeric outdoor insulation design and management. Components such as overhead line insulators, cable and transformer bushings, and all-dielectric, self-supporting (ADSS) cables are subject to electric fields, surface leakage currents, discharges and arcs [1] [2] [3] [4] . Electrical arcs can lead to surface erosion and tracking [5] [6] , thereby reducing the reliability of insulation. This may eventually lead to mechanical failure of insulators, flashover or the puncture of bushings [7] [8] [9] [10] [11] .
A widely used low-current arc model is based on Mayr's equation, which describes a dynamic arc resistance with a non-linear dependence on arc current [12] . Application of Mayr's equation illustrates that arc resistance plays an important role in low-current arc behavior and associated models [13] . More recent models are based on differential equation systems [14] , multiple-arc electrical equivalent circuits [15] , partial-arc and spark models [16] , direct current / alternating current / impulse voltage sources [17] [18] , and various configurations of insulation media such as insulator profiles [19] and ice coated insulator surfaces [20] . Such models have had various degrees of success in modeling the electrical behavior of arcs, with a few of them having capacity to simulate dynamic arc resistance. However, most arc discharge models are based on high current flashover [16] [17] [18] [19] [20] , over long distances [21] [22] , or short arcs between high current contacts [23] [24] . This is to meet the need to understand system reliability and control. Modeling of low current arcs is less well developed, and previous lowcurrent arc models are applicable only to arc discharges in equilibrium with repeatable dynamic characteristics [14] [15] . No model has yet been proposed to simulate the dynamic behavior of low current arcs from initial formation to full development. Such a model is required to better understand the processes behind long-term insulator ageing.
Experimental work has identified two forms of discharge during low current arc development: unstable discharges with peak currents typically less than ~1 mA, and stable arcs with peak currents typically above ~1 mA. These are distinguished depending on whether a discharge is stable within half a power cycle. The transition between unstable and stable discharges has been confirmed in laboratory conditions [25] .
Based on these experimental results, this paper identifies three stages of discharge development and these are simulated in PSCAD/EMTDC. The stages are: a formative leakage current phase (~µA), a stage where discharges occur but are unstable within each half power cycle (<1 mA) and a period of stable discharges (>1 mA). Arc resistance is simulated as three sub-units named 'stable arc resistance', 'oscillating resistance' and 'surface resistance'. The simulations of voltage and current in each of the three stages, allow associated discharge/arc energies to be analyzed.
LABORATORY TEST AND RESULTS
Detailed test procedures have been reported previously [25] [26] , and are summarized in Figure 1 . A silicone-sheathed pultruded rod of outer diameter 22 mm is tested with electrodes directly attached and separated by 200 mm. Water of conductivity 16,000 µS/cm is sprayed onto the surface and a variable 50 Hz voltage of up to 42 kV (peak) is applied across the sample and a 6 MΩ resistor (modelling the resistance of a large wet insulator body). The data acquisition system (PC and LabVIEW) includes a voltage divider with the ratio of 1:10,000 to obtain the voltage at the HV end of the rod (approximately the discharge voltage), and a 2 kΩ resistor to enable measurement of the leakage current. 
FORMATIVE LOW CURRENT PHASE
In the early stage of moisture deposition on the hydrophobic sample surface, the voltage and current traces are initially 90 degrees out of phase (capacitive), and these gradually become in phase (resistive) as the test progresses and the surface becomes more hydrophilic, as shown in Figure 2 . These results were generated from tests in fog conditions to allow a gradual and uniform wetting process [27] . The leakage current increases due to the moisture being able to form more continuous, and so conductive, paths on the silicone surface, which reduces the surface resistance. This is widely reported behavior on silicone surfaces along with methods to detect and predict leakage current [28] . No arcing activities are observed at this stage. 
UNSTABLE DISCHARGES
Unstable discharges are observed for currents over 0.6 mA. In these cases the applied voltage is high enough to strike an arc across a dry band on the insulator, but the current is insufficient to sustain an arc, so that the discharge is 'unstable'. Following the discharge development, typically after an extended 2 minutes of wetting time, the peak discharge current gradually increases. This could be due to the increase in surface conductivity of the insulator, or a reduction in the natural discharge length [25] [26] . Increased peak current is accompanied by discharges gradually becoming stable arcs, with less oscillation of arcing voltage and current, as seen in Figure 3 .
The development time from an unstable discharge to a stable arc varies depending on the spray rate. In this test, a spray rate of 0.12 g/cm 2 /hr is used throughout the test. It is observed that a higher spray rate would accelerate the arc development process, due to more effective moisture deposition on the insulation surface. 
STABLE ARCS
When an equilibrium is achieved between an electrical arc and the surrounding moisture conditions, stable arcs appear with smooth and repeatable voltage and current characteristics, typically when the arc current is above 1.0 mA. In Figure 4 , the impact of increasing the source voltage can be observed to generate 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mA arcs. Each test is conducted for at least 30 minutes to allow equilibrium to be established. These current and voltage traces are of the classical 'dry-band arc' form, but of lower current magnitude than is normally studied.
ARC RESISTANCE MODELING
The stability of an arc is determined by two things. Firstly, sufficient voltage is required to strike an arc across a high resistance gap. Secondly, once the arc is established, it can only be maintained if sufficient voltage remains available across the lower resistance arc to maintain the current flow. The available voltage is dependent on the supply voltage and ratio of the resistance of the arc to the resistance of the supply circuit, which is normally the resistance of the rest of the insulator surface. In our experiment this is the 6 MΩ resistor. In turn, the resistance of the arc is a strong function of current [11] , which is controlled by the supply circuit which in this situation has a higher resistance than the arc itself. Arc resistance is a thus a key parameter in the arc development process.
In this paper, arc resistance is simulated in three parts corresponding to 'Stable Arc Resistance' in series with 'Oscillating Resistance', and 'Surface Resistance', as shown in Figure 5 . 'Stable Arc Resistance' represents the wellestablished stable arc characteristic, 'Oscillating Resistance' simulates unstable discharge characteristics, and the 'Surface Resistance' is used to simulate the low current arc formative stage. 
STABLE ARC RESISTANCE
For stable arcs, three periods are identified within each half cycle in Figure 6 as pre-arcing, arcing and post-arcing periods. A detailed mathematical model to simulate voltage and current traces for each period has been reported and validated previously [29] . In this paper, the accuracy of that model is improved by simulating the arcing voltage u a (t) with a sloping value from U t1 (arc ignition voltage) to U t2 (arc extinction voltage). The model is also extended to simulate arcs for different current levels, I a (peak current). Between times t 1 and t 2 , the new model gives equations (1) and (2):
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where I a is the peak value (mA) of the sinusoidal current, ω i and ω u are the angular frequency (rad/ms) of the sinusoidal arcing current and source voltage, t 1 is the arc ignition time (ms), t 2 is the arc extinction time (ms), Ut 1 is the arc ignition voltage (kV), and Ut 2 is the arc extinction voltage (kV). The stable arc resistance between times t 1 < t < t 2 is then given by equation (3), ∞ in the pre-arcing and post-arcing periods.
Arc length is reported as an important parameter for arc resistance [14, 26] . The relevant experimental data is summarized in Table 1 
where 2.91 ms < t < 8.55 ms. Finally, the arc resistance for a given arc length can be calculated from equation (4), and is shown to be a good fit to the corresponding measured arcs in Figure 8 . 
UNSTABLE DISCHARGE RESISTANCE
Unstable discharges repeatedly switch the arc on and off due to insufficient current being available to sustain an arc. This phenomenon is modelled as a rapid increase in discharge resistance when an arc is switched off. The Dirac delta function is used to simulate the 'impulse' feature of unstable discharge resistance as shown in Equation (5) and Figure 9a , (5) where is a parameter to control the impulse peak.
An oscillating frequency f is introduced to control the instability of low current discharges. The oscillating resistance is proposed based on and f in Equation (6) . The graphic presentation of 'oscillation resistance' based on the Dirac delta function is shown in Figure 9b .
where represents the impulse interval, N is the total number of impulses during the experimental period. N f for a period of 1 s.
(a) (b) By analyzing features of the unstable discharges from test results such as those shown in Figure 3 , each oscillation width is found to take approximately 0.01 ms. In Equation (5), is set to 0.00006 corresponding to an impulse peak value of 2000 MΩ, which is 1000 times higher than the measured stable arc resistance. The experimental results also show the oscillating frequency f takes an initial value of approximately 2000 Hz for a 0.6 mA unstable discharge, and gradually reduces to 0 Hz for a 1.0 mA stable arc. This phenomenon may be explained in that higher current discharges contain higher energies, thereby sustaining more stable discharges. Thus, the oscillating frequency f is a function of discharge peak current I a . A simple linear relationship is assumed between f and I a for 0.6 mA < I a < 1.0 mA so that 5000 1
Substituting f and , the oscillating resistance for unstable discharges is given by:
where 0.6 1.0 . The entire unstable discharge resistance is modelled as the oscillating resistance R t, in series with the stable arc resistance , with arc current < 1 mA, as shown in Figure 10 . 
SURFACE RESISTANCE
In the formative leakage current stage before arc discharges appear, the material surface resistance is modelled as a variable resistor in parallel with a capacitor as shown in Figure  11 . By analyzing the shift change between voltage and current traces in Figure 2 , when the sample surface is still dry, the variable resistor taps at point 'a' with an open circuit. The leakage current flows in the capacitor. An initial dry current of 20 μA corresponds to a capacitance of around 1 pF. The current leads the voltage at this stage. When the sample becomes completely wet due to moisture deposition, the variable resistor drops to a value of ~10 Ω (equivalent to a moisture conductivity of 16,000 µs/cm), which is negligible compared to the MΩ levels of arc resistance. The wet surface will shunt the capacitor and make the surface purely resistive, and the current flows in phase with the voltage.
The simulated surface impedance is therefore,
where r is a variable water-layer resistance from 10 Ω to ∞, ω is angular frequency at 50 Hz, and C is fixed at 1 µF.
ARC SIMULATION IN PSCAD/EMTDC
The PSCAD simulation is built as shown in Figure 12 . The source voltage is produced by a 50 Hz generator (output of 5-42 kV), with a current limiting resistor of 6 MΩ. The arc resistance is simulated as stable arc resistance ( ) and oscillating resistance (R ) as proposed in Section 3.1 and 3.2. The surface resistance (R ) is simulated as a variable water-layer resistor in parallel with a capacitor as illustrated previously in Section 3.3. This simulation replicates the arrangement of the experimental setup. Figure 12 . Simulation of low current arc discharge in PSCAD using stable arc resistance, oscillating resistance and surface resistance. 
SIMULATION OF ARC RESISTANCE
The simulation of arc resistance consists of two blocks in PSCAD: stable arc resistance (R ) and oscillating resistance (R osci ) as shown in Figure 13 . The stable arc resistance block is constructed based on Equation (4), and the oscillating resistance block is based on Equation (8) . The coordination control between two blocks and surface resistance is given in Table 2 . Figure 13 . The simulation circuit for arc resistance consists of stable arc resistance and oscillating resistance. 
SIMULATION OF UNSTABLE DISCHARGES
The simulation results for unstable arcs including the transition process from unstable to stable conditions are shown in Figure 14 . The correlation coefficients between the simulation and experiment results (in Figure 3) are above 0.75 for all cases. The PSCAD simulation here reflects the main electrical features of unstable discharges. It can also simulate the reduced oscillating frequency when arc peak current rises from 0.6 mA to 1.0 mA. This is a key development feature from unstable discharges to stable low current arcs. 
SIMULATION OF STABLE ARCS
The PSCAD simulation for arcs with 1.0 mA, 2.0 mA, 3.0 mA and 4.0 mA peak current are shown in Figure 15 . Correlation coefficients above 0.95 between simulation and experiment results (illustrated in Figure 4 ) confirm the validity of the PSCAD simulation for simulating stable arcs. 
SIMULATION OF SURFACE RESISTANCE
The PSCAD simulation results for the early stage of leakage current formation are shown in Figure 16 . Results show that a reduction in the water-layer resistance results in leakage current growth, and gradual reduction in phase difference with voltage. This agrees with experimental results illustrated previously in Figure 2 . 
DISCUSSION
The stability of low current discharges has been previously explored using experimental methods [25] . The low current arc has an oscillating feature in voltage and current in the range between 0.6 mA to 1.0 mA. The modeling of unstable discharges here reveals a relationship between oscillation frequency f and discharge peak current I a . Equation (6) also quantifies this relationship. When the discharge peak current increases from 0.6 mA to 0.95 mA, the oscillation frequency reduces from 2000 Hz to 250 Hz, representing a more stable arc.
The transition from unstable discharges to stable arcs is a critical process that increases arc energy and so presents an increased threat to the surface of polymeric insulation as a result of increased arc temperature and enhanced energy transfer to the polymer surface [30] [31] . Experiment work reveals that arc energy is increased by a factor of up to 3, from an initial unstable state to a well-developed stable state. Based on the simulated arc voltage and current from PSCAD/ EMTDC, the arc energy per half a cycle is calculated as:
where E a is arc energy (joules) per cycle, i a (t) is the simulated arc current curve, u a (t) is the simulated voltage curve, and T is the period of the source voltage (40 ms).
The energy trend as the discharge activity transitions from unstable discharges to stable arcs is shown in Figure 17 for both PSCAD/EMTDC simulations and experiment results. Increased arc energy has been found associated with the development from unstable discharges to stable arcs. This is due to the increase in discharge current and reduction in oscillations which prolongs the total arcing period per power cycle. In addition, 0.01 joule/cycle is identified as a threshold between unstable discharges and stable arcs. The modeling approach here allows a deeper understanding of energy change during the discharge/arc transition process, and provides a tool by which the energy in a discharge can be calculated and monitored. This can now be developed into an online monitoring system that measures real discharge current and interprets such measurements in terms of arc energy through the PSCAD/EMTDC simulation program.
CONCLUSION
The development of low current arc discharges between 10 μA and 5 mA has been classified into three stages: preformative leakage current, unstable discharges and stable arcs. Arc resistance is modelled in three states: surface resistance, oscillating resistance and stable resistance. A circuit using arc resistance models was built in PSCAD/EMTDC to simulate arc discharges in corresponding development stages. The simulation results of arc voltage and current are found to have good correlation with experimental results.
It has been found that the observed increase of discharge stability with peak current at around 1 mA, in the form of reduced oscillation in arc voltage and current, is reproduced well in the model. Similarly, an increase in thermal energy is reproduced in the model due to the change in arc stability, providing an indication of enhanced power in the arc, and so identifies situations in which more aggressive/accelerated ageing of a polymer insulator surface may occur.
Future work will introduce a stochastic process into arc modeling, to simulate the random features during the arc development. The modeling of multiple-arcs with individualcontrolled growth and extinction is also to be studied.
